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Features with a distinctive "c" shape known as notches exist on tropical
rocky carbonate coasts, interpreted as bioerosion notches. Inland notches have
been interpreted as fossil bioerosion notches from a previous sea level
highstand. However, many of these inland notches have morphologies similar to
exposed flank margin caves, and contain speleothems, suggesting a
speleogenetic origin. Fossil bioerosion notches contain important information on
past sea level position, but fossil notches of speleogenetic origin offer important
paleohydrological information. Notches were examined on San Salvador Island,
Bahamas; Isla de Mona, Greater Antilles; and Guam, Northern Mariana Islands.
Statistically, all notches exhibited similar morphologies, while being visually
distinguishable. It is apparent that lateral variability of the notch is important in

discovering the genetic mechanism. The correct interpretation of fossil notches is
important in understanding complex groundwater relationships on carbonate
islands.

DEDICATION

I have never let my schooling interfere with my education.
-Mark Twain

This work is dedicated to the memory of my father, Lawrence A. Reece.
He imparted his love of caves to me at a very early age, and it has shaped my
life in more ways than one. A man who knew more than I could ever hope to
know. Without his guidance and encouragement, none of this would have ever
been possible.

ii

ACKNOWLEDGEMENTS

A sincere thank you (I think…) is due to Marc Ohms, who introduced me
to John Mylroie, Mississippi State, and the idea that caving on islands is fun.

The research that produced this study was funded in-part by the USGS,
through the Mississippi Water Resources Research Institute. In addition, financial
assistance was provided from the Bahamian Field Station [now the Gerace
Research Center], the MSU Department of Geosciences (through assistantships
and instructor positions), and the Erwin-Russell Geology Endowment Fund.

The following people provided invaluable assistance in the field, be it
braving the crashing waves to measure urchin-infested notches, or missing out
on snorkeling the pristine waters to survey notches and caves in the jungles:
Matthew Arsenault, Matt Caton, Lee Florea, Jason Gulley, Johnny Horn, Chris
Moore, Leif Mylroie, and Darren Parnell.

Lee Florea, Bev Shade, and Danko Taborosi all provided valuable input in
many late night and early morning discussions about the intricacies of caves,
iii

notches, and speleothems, as well as providing answers to various probing
questions on the phone, and by email.

Several people are responsible for making it possible for me to live in
Mississippi for two years. Without the friendship of John and Dixie Cartwright,
Darren and Joleen Lockhart, and David Brommer, I wouldn’t have lasted a week.

Cyndi Abbott spent the better part of two years sharing an office, a coffee
pot, and many frustrations with me. She is directly responsible for me not killing
people.

Benson Chow provided friendship, support, food, shelter, and an
incredible amount of comedic memories.

Dr. Darrel Schmitz and Dr. F. Leo Lynch loaned some of their extremely
valuable time to provide some extremely valuable comments and direction for
this work.

Last, but not least, Dr. John Mylroie, believed in me, stood up for me when
necessary, and put up with my incessant desire to “wait until the last possible
moment” to produce. Always providing the advice and direction necessary to get
iv

me past the block – just the precise amount needed, never more, never less. I
am eternally grateful to be a student, colleague, and friend. Your patience over
this six-year ordeal is commendable.

v

PAGE
DEDICATION..................................................................................................... II
ACKNOWLEDGEMENTS .................................................................................. III
LIST OF TABLES.............................................................................................. VIII
LIST OF FIGURES ........................................................................................... IX
CHAPTER
I: INTRODUCTION ......................................................................................
Coastal Notching ......................................................................................
Inland Notching.........................................................................................
OBJECTIVES ............................................................................................
LITERATURE REVIEW .............................................................................
Bioerosion..................................................................................................
Flank Margin ..............................................................................................
Lateral Corrosion .......................................................................................
RELEVANCE OF RESEARCH ...................................................................

1
3
4
13
13
14
17
18
23

II: FIELD SITES, MATERIALS, AND METHODS ......................................... 27
FIELD SITES ............................................................................................
San Salvador, Bahamas ...........................................................................
Isla de Mona, Greater Antillies..................................................................
Guam, Northern Mariana Islands..............................................................
MATERIALS ..............................................................................................
METHODS.................................................................................................

27
28
28
29
32
32

III: RESULTS ................................................................................................ 36
Bioerosion Notches..................................................................................
Cave Notches .........................................................................................
Indeterminate Notches.............................................................................
Speleothem Samples...............................................................................

vi

36
41
46
51

CHAPTER

PAGE

IV: DISCUSSION..........................................................................................
Notch Morphology...................................................................................
Bioerosion Notches.................................................................................
Cave-Notch Relationships ......................................................................
Cave Passage Cross Sections ...............................................................
Indeterminate Notches............................................................................

53
54
55
56
56
57

V: SUMMARY AND CONCLUSIONS ........................................................... 60
REFERENCES CITED....................................................................................... 62
APPENDIX......................................................................................................... 69

vii

LIST OF TABLES
TABLE

Page

1: Measured and calculated notch dimensions ...................................................70
2: Summary of notch dimensions and characteristics for all sample locations....72
3: Statistical comparison of mean bioerosion notch dimensions among all
sampling localities........................................................................................73
4: Pairwise comparison results for Bioerosion notches.......................................74
5: Multivariate correlation analysis results – Bioerosion notches ........................75
6: Statistical comparison of Garden Cave cross sections and Bioerosion
Notches........................................................................................................76
7: Multivariate correlation analysis results – Garden Cave .................................77

viii

LIST OF FIGURES
FIGURE

Page

1: Typical notch profiles as seen on the north coast of Puerto Rico (from
Kaye, 1959) ...................................................................................................2
2: Schematic diagram of the geomorphic features of rocky coasts (modified
from Garrison, 1996)......................................................................................5
3: Photograph of notch in Harrington Sound, Bermuda. Flat roof of notch
coincides with level of lowest tides. (from Neumann, 1966)...........................6
4: Typical coastal karst from a) Double Reef and b) Tarague, Guam
c) Coastal notches containing significant speleothems at Amantes
Point, Guam...................................................................................................7
5: a) Schematic diagram of lateral corrosion notch under an insoluble
sediment cover. b) photograph of lateral corrosion notches in Guilin,
China. Note notches at two distinct horizons, representing lowering of
local base level (From Ford and Williams, 1989) ...........................................9
6: Illustration of foot caves in the Melinau River Plain, Malaysia
(from Waltham and Brook, 1980).................................................................10
7: Photograph of a notch along the Grotto Beach Ridge, San Salvador
Island, Bahamas. Note speleothem development and sloping nature of
notch floor. Previous workers (Mylroie and Carew, 1991) have used
these features to interpret this notch as a breached flank margin cave. .........11
8: Inselberg from Pildappa Hill, South Australia showing evidence of
corrosive notching under a subaerial sediment cover.
(From Bloom, 1998).....................................................................................12

ix

FIGURE
Page
9: a) Schematic diagram of microbial and macrobial zonation, as observed
at Lee Stocking Island, Bahamas LT – low tide; MT – mean tide;
HT – high tide; ST – supratidal, wave spray range
(from Radtke, et al., 1996) b) A representation of microbial color
zonation (from Spencer, 1988) ....................................................................16
10: Schematic diagram showing the overprinting of zones of dissolutionally
aggressive environments at the discharging margin of a freshwater lens
in carbonate islands.....................................................................................20
11: Photograph of the cliffs at Amantes Point, Guam showing notches with
significant speleothem development, suggesting the notches are of a
subsurface dissolutional origin.....................................................................21
12: Cliff line at Tarague, Guam showing the “beads-on-a-string” morphology.
Notice the undulation of floor and ceiling in the speleothem-rich notches
in the cliff face..............................................................................................22
13: Model showing the evolution of a flank margin cave that receives a
bioerosion overprint. a) flank margin cave forming in the freshwater
lens b) flank margin cave and bioerosion notch forming simultaneously
c) breaching of flank margin cave by cliff retreat, bioerosion overprint
occurs, new flank margin cave begins forming as lens retreats further
inland d) flank margin cave after uplift and cliff retreat...............................26
14: The Bahama Islands, showing the location of San Salvador Island (From
Mylroie and Carew, 1990)............................................................................30
15: Regional tectonic map showing the location of Isla de Mona
(Modified from Frank, 1998).........................................................................31
16: Map of the Western Pacific showing the location of Guam. Data courtesy
of ESRI. .......................................................................................................34
17: Schematic diagram of notch measurements used in this study. Perimeter
is the measured segment A-B-C-D-E; Depth is the measured segment
from the line B-D, to point C; curve is the measured segment B-C-D,
and distance is the measured line from A-E. The distance from B-D is
standardized at 1 meter for all datapoints. ...................................................35
x

FIGURE

Page

18: a) Map showing location of The Thumb, San Salvador Island, Bahamas.
GIS data derived from The San Salvador Island GIS database- compiled
by Matthew C. Robinson and R. Laurence Davis - the University of
New Haven and Bahamian Field Station, 1999. b) photograph of The
Thumb. ........................................................................................................37

19: a) Map of Isla de Mona showing approximate location of Cueva Sopressa.
(After Mylroie, 1995) b) Photograph of notches along coastline below
Cueva Sopressa. Red arrows indicate modern bioerosion notch and
fossil notch just below lowest cave opening.................................................38
20: a) Map of Isla de Mona showing approximate location of Punta Los
Ingleses. (After Mylroie, 1995) b) Photograph of notches along
coastline at Punta Los Ingleses ...................................................................39
21: Map of San Salvador Island showing location of Garden Cave. GIS
data derived from The San Salvador Island GIS database- compiled
by Matthew C. Robinson and R. Laurence Davis - the University of
New Haven and Bahamian Field Station, 1999. ..........................................43
22: Map of Garden Cave, San Salvador Island, Bahamas. Garden Cave
was selected as a representative flank margin cave, containing intact
as well as collapsed segments. ...................................................................44
23: Photo of the interior of Garden Cave ............................................................45
24: Map of San Salvador Island, showing location of indeterminate notches
along the Grotto Beach Ridge considered in this study. Southern
marker is Dripping Rock Cave, northern marker is Altar Cave. GIS
data derived from The San Salvador Island GIS database- compiled
by Matthew C. Robinson and R. Laurence Davis - the University of
New Haven and Bahamian Field Station, 1999. ..........................................47
25: Map of the Grotto Beach Ridge cliffline, and associated notches. Red
stars indicate locations of cross sections plotted in Figure 26 .....................48
xi

FIGURE

Page

26: Cross section correlation for Grotto Beach Ridge. Grey dashed lines
represent zero meter datum (floor of Dripping Rock Cave, approximately
2.26m asl) and plus two meters. See Figure 25 for location of cross
sections (red stars). Red dots are locations of survey points coinciding
with red stars on Figure 25. .........................................................................49
26: Significant speleothem development along cliffline notches between Dripping
Rock Cave and Altar Cave...........................................................................50
28: View of Amantes Point, Guam. Note numerous notch horizons, and
speleothem development.............................................................................52

xii

CHAPTER I
INTRODUCTION

Erosional features known as notches exist in a number of disparate
locations and environments throughout the world. For the purpose of this
investigation, a notch is defined as a “c” shaped indentation or erosional feature
(Figure 1) developed in a slope or cliff. The two terms commonly used in the
literature to describe these erosional features are “nip” and “notch” (Higgins,
1980). In addition to these terms, some authors have coined other terms,
“corrosion bevel”, for instance (Graf, 1999). In order to avoid confusion, this
study will use the term notch to represent any horizontal “notch-shaped” feature,
regardless of location or process, as nips and notches may perhaps be endmembers in a gradational system (Higgins, 1980). Where necessary, classifiers
will be applied to the term such as “bioerosion notch”, “inland notch”, or “cave
notch”. It appears that there may be a common mechanism which drives notch
formation. This study is an attempt to relate notches from disparate environments
to this mechanism.
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Figure 1: Typical notch profiles as seen on the north coast of Puerto Rico (from
Kaye, 1959)
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Correct interpretation of the origin of notches, especially on carbonate
islands, is important in understanding complex groundwater relationships. If the
notches observed are of a subsurface dissolutional origin, they will assist in the
understanding of the concentration of groundwater flow in the karst aquifers
present on these islands. As human population and activity increase on these
carbonate islands, the demand on the water resources of the islands also
increases. Correct interpretation of the origin of notches present on the island will
help in characterizing the nature of groundwater flow and discharge, and the
development of island karst aquifer properties

COASTAL NOTCHING
Notching on rocky coastlines is just one aspect of carbonate coastal
geomorphology, coexisting with a number of other features such as sea stacks,
arches, and sea caves (Figure 2). Emery and Kuhn, in their classic paper (1982)
discuss the evolution of rocky, cliffed coastlines and classify cliffs based upon the
dominant erosive processes in their formation. Notching on rocky, cliffed
coastlines is an important factor in cliff retreat and wave-cut platform genesis. On
rocky carbonate coasts, notches are typically the undercut portion of a cliff
between mean low tide and mean high tide. However, coastal notches exist both
above and below (Figure 3) the tidal range (Neumann, 1966). Specific examples
have been reported from the Bahamas (Mylroie and Carew, 1985), Bermuda
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(Neumann, 1966), Puerto Rico (Kaye, 1959), Grand Cayman (Spencer, 1985),
Jamaica (Oakley, 1985), Curaçao (Focke, 1978), South Carolina (Holler, 2000),
Guam (Tracey et al., 1964), Saipan (Cloud et. al., 1959), Tonga (Dickinson et al.,
1999), Cook Islands (Woodroffe et al., 1990; Stoddart et al., 1990), Niue (Viles
and Spencer, 1995), Thailand (Harper, 1999), Semau, Rote (Merritts et al.,
1998), Aldabra Atoll (Trudgill, 1976), Greece (Higgins, 1980), and many more.
These notches have generally been interpreted as “bioerosion” or “wave-cut”
notches, implying that they are features of a coastal origin, resulting from a
number of overprinted processes concentrated in the intertidal zone. On
carbonate islands, the true bioerosion notches are a part of the coastal karst
suite, e. g. Folk (1973) and Viles (1984). However, notches on the coastal cliffs
of Guam and Isla de Mona contain significant speleothems, which may suggest a
different origin (Figure 4).

INLAND NOTCHING
Notches exist in a number of inland locations throughout the tropics as
well as in the interior of continental land masses. Inland notching has been
reported from China (Williams, 1987); Indonesia (McDonald, 1976); Malaysia
(McDonald and Ley, 1985; Jennings, 1985; Despain, 1999); Jamaica (Pfeffer,
1973); Bahamas (Mylroie and Carew, 1991); Mexico (Gerstenhaller, 1960); and
Arizona (Graf, 1999; Jagnow, 1999).
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Figure 2: Schematic diagram of the geomorphic features of rocky coasts
(modified from Garrison, 1996)
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Figure 3: Photograph of notch in Harrington Sound, Bermuda. Flat roof of notch
coincides with level of lowest tides. (from Neumann, 1966)
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Figure 4: Typical coastal karst from a) Double Reef and b) Tarague, Guam
c) Coastal notches containing significant speleothems at Amantes
Point, Guam.
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Inland notching can be divided into two broad categories: subaerial
notches and notches in caves. Most subaerial inland notching in carbonates is
believed to be the result of base-level lateral corrosion (Ford and Williams, 1989).
This process involves water being trapped against a limestone surface by an
insoluble cover of sediment which allows dissolutional removal of bedrock
irregularities and a notching of adjacent hillslopes (Figure 5). In areas of tower
karst these notches are often called foot caves or cliff-foot caves (Figure 6)
(Jennings, 1973; Sweeting, 1973; Ford and Williams, 1989). However, inland
notches in the Bahamas and elsewhere have been interpreted as wave-cut
notches (Hinman, 1983) and re-interpreted as remnant caves (Figure 7) (Mylroie
and Carew, 1991). Similar corrosion occurs in other rock types, most notably in
the case of bornharts and inselbergs in granites (Figure 8) (Ollier, 1960, 1965;
Thomas, 1965). In-cave notches are observed in many locations throughout the
world.
Notable examples have been reported from Malaysia (McDonald and Ley,
1985), and Arizona (Graf, 1999). These notches have also been interpreted as
lateral corrosion features (Ford and Williams, 1989; Graf 1999) formed during
flood events in a manner similar to the subaerial notches described above.
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a)

b)

Figure 5: a) Schematic diagram of lateral corrosion notch under an insoluble
sediment cover. b) photograph of lateral corrosion notches in Guilin,
China. Note notches at two distinct horizons, representing lowering of
local base level (From Ford and Williams, 1989)
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Figure 6: Illustration of foot caves in the Melinau River Plain, Malaysia (from
Waltham and Brook, 1980)
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Figure 7: Photograph of a notch along the Grotto Beach Ridge, San Salvador
Island, Bahamas. Note speleothem development and sloping nature of
notch floor. Previous workers (Mylroie and Carew, 1991) have used
these features to interpret this notch as a breached flank margin cave.
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Figure 8: Inselberg from Pildappa Hill, South Australia showing evidence of
corrosive notching under a subaerial sediment cover. (From Bloom,
1998)
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OBJECTIVES
The objectives of this investigation are two-fold. The first part of the
investigation will discuss the process of notching in carbonate cliffs and
hillslopes. This will include a review of both coastal and interior processes. The
second aspect of the study is an attempt to identify the genetic history of notches
on modern and ancient carbonate coasts. The end member situations considered
are true bioerosion notches and known flank margin caves. It will also be
assumed that notches can be of a polygenetic origin, as breached flank margin
caves located near modern sea level may receive a bioerosion overprint,
however the reverse is not likely.

LITERATURE REVIEW

As notches in carbonate rocks occur in a number of environments and as
a result of a number of processes, the literature on notches also appears in a
number of different contexts. This study will concentrate the review of the
literature into three distinct areas: bioerosion, flank margin caves, and lateral

corrosion.
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BIOEROSION
A large body of work has been done on bioerosion, however the majority
of this work is specifically concerned with the bioerosion of coral reefs. The term
bioerosion was proposed by Neumann as “the destruction and removal of
consolidated mineral or lithic substrate by the direct action of organisms” (1966,
p. 92). In fact, bioerosion, as it relates to notch formation, is an overprinting of
biological, mechanical, and chemical erosive processes. However many workers
have discounted the importance of the chemical and physical processes
(Neumann, 1966, Focke, 1978).

The biological processes involved include biological abrasion of the
limestone surface, as well as biogeochemical corrosion. Abrasion by
invertebrates is typically broken into two distinct groups, boring and grazing
(Spencer, 1988). Sponges, mollusks, and polychaete worms are common boring
organisms, while echinoids, limpets, chitons, crabs and others are the common
grazing organisms. Biogeochemical corrosion is carried out by a number of
microorganisms. Microbial corrosion is typically zonated, and has been
correlated with the distribution of the invertebrates that graze upon them (Figure
9) (Radtke, et al., 1996). Microbial zonation is grossly separated into two distinct
groups, those which remain submerged or wetted throughout the majority of the
tidal cycle, and those which are exposed to drying during low tides as well as
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direct wetting by rainwater (Radtke, et al., 1996). Fungi, lichens and bacteria
also contribute to this corrosion.

The mechanical processes are dominated by wave action in the intertidal
zone. Some of the rock removed by these processes is that which has been
loosened or partially eroded by biological abrasion or corrosion. The most
prominent of the mechanical processes is the physical attack of the incoming
wave, which is heightened in sediment-laden conditions, providing hydraulic
pressure against the cliff face. Incoming wave action also forces air into cracks
present in the cliff, acting similar to a pneumatic hammer. As the wave retreats,
there is an instantaneous pressure release, which can serve to further accelerate
the erosive process.

The chemical processes involve dissolution of the carbonate by seawater
or discharging fresh groundwater. Revelle and Emery (1957) show how
seawater which is normally saturated with respect to calcite will dissolve calcite
at night due to a drop in temperature and pH, and an increase in CO2. Higgins
(1980) proposed that fresh groundwater discharging from the freshwater lens
may 1) dissolve the rock from the inside out; and 2) float atop the seawater and
dissolve from the seaward side in.
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a)

b)

Figure 9: a) Schematic diagram of microbial and macrobial zonation, as
observed at Lee Stocking Island, Bahamas LT – low tide; MT – mean
tide; HT – high tide; ST – supratidal, wave spray range (from Radtke,
et al., 1996) b) A representation of microbial color zonation (from
Spencer, 1988)
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FLANK MARGIN
Mylroie and Carew (1990) proposed the flank margin model of cave
development for the distal margin of a discharging freshwater lens. This model
was developed for Pleistocene eolian limestones of the Bahamas, and has been
extended to the dense crystalline limestones of Isla de Mona, Puerto Rico
(Frank, et al., 1998), Guam and Saipan (Mylroie et al., 2001). The flank margin
model predicts an overprinting of three dissolutionally aggressive environments:
1) mixing of vadose and phreatic freshwater; 2) mixing of fresh groundwater and
seawater; and 3) in addition, each of these mixing environments acts as a
density interface that traps organic material. Organic decay creates more CO2
and hence more dissolution, then if organic loading is significant, anoxic
conditions and the production of H2S can occur, creating even more dissolution.

The overprinting of these environments at the lens margin allows for rapid
dissolution of the carbonate bedrock (Figure 10). Flank margin caves thus have a
hypogenic origin, having formed as mixing chambers, and without regard to
surface topography, and typically display a ramiform or spongework passage
distribution (Palmer, 1991). As these caves are mixing chambers, and not
conduits, they form without macroscopic connections to the surface; i.e. they
initiate as “entranceless” caves.
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As the location of the freshwater lens, and hence the location of
developing flank margin caves is dependent upon sea level, it can be expected
that in carbonate islands (as well as continental coastal carbonates) the fresh
water lens has migrated throughout the Quaternary with glacio-eustatic sea level
change. This allows for flank margin caves at different elevations. In the case of
a tectonically active island (or continental coastline), an additionally complex
arrangement of cave development is possible (Mylroie, et al., 2001). Uplift and
cliff retreat can expose these entranceless caves, and ultimately reduce the cave
to a simple notch, often containing speleothems formed when the cave was
whole (Figure 11). Ultimately a cave-initiated notch may be used as an indication
of a past sea level, as the conditions under which such a notch forms are tied to
sea level.

LATERAL CORROSION
The majority of alternate methods of notch formation revolve mainly
around aggressive chemical weathering known as lateral corrosion. Chemical
erosion is also the presumed agent for notches in non-carbonate coastal rocks
such as notched basalts in Umatac Bay, Guam (Emery, 1962) and the notched
conglomerates and sandstones of the Hopewell Rocks area, New Brunswick,
Canada (Trenhaile, et al., 1998). While these two papers do not mention the
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possibility of a biological contribution, it seems that some biological contribution
may be involved in the development of these notches, similar to coastal notches
in carbonates.

Lateral corrosion also produces notches in a wide variety of inland
settings. Jennings (1985) and Sweeting (1973) discuss the formation of notches
in carbonates due to lateral corrosion on karst plains, or poljes in Jamaica,
Mexico, Malaysia, and Yugoslavia. Notches, usually referred to as foot caves,
are prevalent in areas with extensive tower and cockpit karst, such as China,
Vietnam, Malaysia, Jamaica, and Puerto Rico (Sweeting, 1973; Waltham and
Brook, 1980; Jennings, 1985; McDonald and Ley, 1985; Williams, 1987; Ford
and Williams, 1989; Harper, 1999). In-cave notches, often called corrosion
bevels, are also observed in a number of localities (Rose, 1982; Graf, 1999;
Jagnow, 1999; Despain, 1999) Notches are also found in granites and other
non-carbonate rocks, most often at the bases of bornharts or inselbergs –
residual hills or knobs often found in savanna-type areas (Ollier, 1960, 1965;
Thomas, 1965). Granites have also been shown to be vulnerable to dissolutional
weathering (Kastning, 1978).
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Figure 10: Schematic diagram showing the overprinting of zones of
dissolutionally aggressive environments at the discharging margin of a
freshwater lens in carbonate islands
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Figure 11: Photograph of the cliffs at Amantes Point, Guam showing notches with
significant speleothem development, suggesting the notches are of a
subsurface dissolutional origin.
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Figure 12: Cliff line at Tarague, Guam showing the “beads-on-a-string”
morphology. Notice the undulation of floor and ceiling in the
speleothem-rich notches in the cliff face.
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In all of the interior examples listed above, lateral corrosion is controlled
by chemically aggressive waters being held close to the bedrock. In the case of
poljes, foot caves, bornharts and inselbergs, this water is usually held in an
alluvial onlap, which also traps organic matter that enhances the chemical
aggressivity of the water. This situation creates an artificial local base level, and
when this local base level is lowered, and the sediment stripped away, the
notches become exposed. An alternate hypothesis for foot cave development is
offered by McDonald and Ley (1985). They conclude that foot cave development
in Borneo is due to river channel erosion, and not lateral corrosion.
In the in-cave examples, the notch formation is apparently due to a flooding or
backflooding situation in which fresh, chemically aggressive water is trapped or
ponded for some extended period of time, which allows for lateral corrosion in
cave passages.

RELEVANCE OF RESEARCH

The goal of this study is to provide an understanding of the processes
involved in notch formation, as well as the relation of notches formed by different
processes to a common mechanism. In order to properly understand the
information that notches give, we must first be able to properly interpret the
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process in which the notch was formed. In some instances, the process is
relatively straightforward and well understood: coastal bioerosion notches in the
current intertidal zone and inland notches formed by lateral corrosion (i.e.:
inselbergs, bornharts). Fossil, or uplifted inland or coastal notches on carbonate
islands however, can be quite problematic. It is understood that these notches
can be, and most likely are polygenetic, and fit in a continuum of morphologies
with two distinctive end members. Linear notches with nearly horizontal roofs
have been observed in all of the modern intertidal settings and some inland
settings. Notches that have undulating floors and ceilings have been commonly
observed outside of the intertidal and at rare locations within the modern
intertidal setting. This latter morphology has been termed "beads-on-a-string"
(Figure 12) (Vogel et al., 1990), and is believed to be indicative of flank margin
caves exposed by cliff retreat (Mylroie and Carew, 1991). An example of a
polygenetic notch that might fit in the middle of this continuum is a flank margin
cave, exposed at modern sea level due to cliff retreat, and then overprinted by
modern bioerosion (Figure 13).

In addition to overall morphology, detailed examinations can be performed
to look for evidence of notch origin. Grazing marks and borings provide strong
evidence for a bioerosion component, while speleothems may suggest a flank
margin style dissolution origin. Previous studies have hypothesized that notches
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which contain significant speleothems are likely of a speleogenetic origin (Mylroie
and Carew, 1991). Recent work suggests that spelothems must be analyzed to
determine if they are truly cave deposits (Taboroisi and Stafford, in submission)

The importance in correctly interpreting the genetic history of a notch lies
in the information that can be obtained by knowing its history. In carbonate
islands, notch location and elevation provides important paleoclimatic
information, as the location of the notch, whether a breached flank margin cave
or a bioerosion notch, records a past sea level. However, if the notch is a
breached flank margin cave, it offers great paleohydrological information in an
insight into the nature of flow in the paleo fresh-water lens. This, combined with
data obtained from current conditions may help water resource managers
understand better the nature of the current island karst aquifer.
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a)

c)

b)

d)

Figure 13: Model showing the evolution of a flank margin cave that receives a
bioerosion overprint. a) flank margin cave forming in the freshwater
lens b) flank margin cave and bioerosion notch forming
simultaneously c) breaching of flank margin cave by cliff retreat,
bioerosion overprint occurs, new flank margin cave begins forming as
lens retreats further inland d) flank margin cave after uplift and cliff
retreat.

CHAPTER II

FIELD SITES, MATERIALS, AND METHODS

FIELD SITES
Data for this study were collected from three tropical carbonate islands:
San Salvador in the Bahamas, Isla de Mona, Puerto Rico in the Greater Antilles,
and Guam in the Marianas. Each of these islands has a slightly different level of
geologic complexity, which is described below. A basic carbonate island
classification scheme has been proposed with the Carbonate Island Karst Model
(Mylroie, et al, 2001). Islands fall into four categories based on sea levelbasement relationships: simple carbonate islands have no non-carbonate rock
within the region of the fresh water lens; carbonate cover islands have noncarbonate rocks exposed at depth which can cause distortion of the lens;
composite islands which have non-carbonate rocks exposed at the surface; and
complex islands in which faulting and noncarbonate facies partition the aquifer.
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SAN SALVADOR, BAHAMAS
San Salvador is a small (~160 km2 ) simple carbonate island (Carew and
Mylroie, 1995) located in the eastern Bahamas on an isolated, tectonically-stable
carbonate platform (Figure 14). The geology of San Salvador is relatively simple,
consisting solely of middle to late Quaternary carbonate deposits. Notches are
found both on the coast and in the interior of San Salvador, predominantly in late
Pleistocene rocks (Carew and Mylroie, 1995). Caves on San Salvador are found
predominantly along the margins of dune ridges in Pleistocene eolianites. These
caves have been interpreted as being developed during the last interglacial sea
level highstand (~125 ka, oxygen isotope substage 5e) (Carew and Mylroie,
1997). Localities studied on San Salvador include the modern bioerosion notch
at The Thumb along the east coast of the island, Garden Cave in the northeast,
and the interior notches between Dripping Rock and Altar Caves in the
southwest.

ISLA DE MONA, GREATER ANTILLIES
Isla de Mona (Figure 15) is a small (~55 km2) simple carbonate island
located in the Mona Passage, approximately half way between Puerto Rico and
Hispañola (Gonzalez, et. al, 1997). The island consists of tectonically-uplifted
Mio-Pliocene carbonates, the majority of which form sheer near-vertical cliffs as
much as 80m high (Frank, et al., 1998). Flank margin cave development is
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approximately coincident with the Isla de Mona Dolomite/Lirio Limestone
contact in some areas, and in the Lirio Limestone in other areas. Notches on Isla
de Mona are nearly exclusively coincident with the modern coastline, within six
meters of modern sea level. Isla de Mona differs from San Salvador in the age of
the rocks, and the tectonic complexity. Isla de Mona is located in a shear zone
between the Caribbean and North American plates, but has not been tectonically
active since the last interglacial, as evidenced by late Pleistocene fossil reefs
(~125 ka) at +4-5m asl (Frank, et al, 1998). Localities studied on Isla de Mona
include the modern bioerosion notches to the north and south of Punta Los
Ingleses along the southeastern coast, and speleothems from Cueva de Pajaros.

GUAM, NORTHERN MARIANA ISLANDS
Guam (Figure 16) is a small (~550 km2) composite island, the largest and
southernmost island in the Mariana Archipelago (Tracey, et al., 1964). The island
is divided roughly in half by the Adelup fault, separating a broad limestone
plateau in the north from a highly dissected volcanic upland in the south. Rocks
on Guam range from late Eocene to recent (Tracey, et al., 1964). Guam differs
from San Salvador and Isla de Mona in its complex geologic history. Multiple
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Figure 14: The Bahama Islands, showing the location of San Salvador Island
(From Mylroie and Carew, 1990)
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Figure 15: Regional tectonic map showing the location of Isla de Mona (Modified
from Frank, 1998)
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episodes of uplift and subsidence, coupled with a glacioeustatic overprint create
notches and caves at multiple horizons in a single exposure (Mylroie et al.,
2001). Localities studied on Guam include notches and caves along the west
coast (Puntan dos Amantes, Coconut Crab Cave, and other unnamed caves),
the area around Tarague Beach on the northwest coast, and Hawaiian Rock
Quarry on the northern limestone Plateau.

MATERIALS
The primary materials in this study are in situ notches, both inland and
coastal, on the three islands described above. Qualitative and quantitative
descriptions and surveys of these notches provide the basis for interpretations. A
detailed description of the methods used for survey of the notches is presented
below.

METHODS
In order to determine genetic history, a detailed morphological analysis
has been completed. This analysis involved a detailed survey of modern
bioerosion notches and known flank margin caves using a handheld compass,
clinometer, and fiberglass tape. The techniques are standard cave survey
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techniques, where distance, azimuth, inclination, and a detailed sketch are
recorded. For a detailed description of these techniques, see Dasher (1994).
These surveys involved a baseline to demonstrate spatial arrangement of the
notch or cave where possible, including minor changes in elevation and
floor/ceiling undulations. Cross-sectional profiles are included at select locations
to further illustrate notch or cave morphology. Data from these surveys was
reduced using Compass, a popular, shareware Windows-based cave survey
data-management software package.

Along each notch, several profiles were measured. At each profile, four
distinct dimensions were measured (Figure 17): notch perimeter, notch height, a
standardized depth, where ceiling-to-floor distance was 1 meter, and the notch
perimeter relative to this depth, simplified as “curve”. These data, as well as their
ratios (perimiter:height, perimeter:depth, height:depth, and perimeter:curve) were
entered into a correlation matrix. This expanded data set was then analyzed for
statistical relationships with Microsoft Excel using both parametric statistics
(analysis of variance), as well as multivariate correlation analysis (Pearson’s
product-moment correlation coefficient ).
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Figure 16: Map of the Western Pacific showing the location of Guam. Data
courtesy of ESRI.
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Figure 17: Schematic diagram of notch measurements used in this study.
Perimeter is the measured segment A-B-C-D-E; Depth is the
measured segment from the line B-D, to point C; curve is the
measured segment B-C-D, and distance is the measured line from AE. The distance from B-D is standardized at 1 meter for all datapoints.

CHAPTER III

RESULTS

The results of data collection and analysis will be presented first
individually by notch genesis – bioerosion, cave, and indeterminant. Following
this, results of comparative analysis between genetic types will be described. All
statistical tests described in this chapter were performed at a 95% confidence
level (!=0.05).

BIOEROSION NOTCHES
True bioerosion notches were measured on San Salvador Island,
Bahamas, and Isla de Mona, Puerto Rico. On San Salvador, five notch profiles
were measured at The Thumb. The Thumb is a micropeninsula located along the
east coast of San Salvador Island (Figure 18), formed in the Pleistocene Owl’s
Hole Formation. The Owl’s Hole formation is a bioclastic eolianite, with an
absence of ooids (Mylroie and Carew, 1995). On Isla de Mona, eleven profiles
were measured on the coastline below Cueva Sopressa (Figure 19). Cueva
Sopressa is located along the southeast coast of Isla de Mona. The notches are
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a)

b)

Figure 18: a) Map showing location of The Thumb, San Salvador Island,
Bahamas. GIS data derived from The San Salvador Island GIS
database- compiled by Matthew C. Robinson and R. Laurence Davis the University of New Haven and Bahamian Field Station, 1999. b)
photograph of The Thumb.
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a)

b)

Figure 19: a) Map of Isla de Mona showing approximate location of Cueva
Sopressa. (After Mylroie, 1995) b) Photograph of notches along
coastline below Cueva Sopressa. Red arrows indicate modern
bioerosion notch and fossil notch just below lowest cave opening.
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a)

b)

Figure 20: a) Map of Isla de Mona showing approximate location of Punta Los
Ingleses. (After Mylroie, 1995) b) Photograph of notches along
coastline at Punta Los Ingleses
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developed in the Mio-Pliocene Isla de Mona Dolomite, a finely crystalline calcitic
dolostone (Frank, et. al, 1998), Twenty-seven profiles were measured at Punta
Los Ingleses (Figure 20). The notches at Punta Los Ingleses are likewise
developed in the Isla de Mona Dolomite. A summary of the data collected in the
above localities is presented in Table 1.

Statistical analysis of the morphological factors measured began with
simple descriptive statistics of each locale, as well as analysis of all bioerosion
notches as a group (Table 2). The most variability within a single sampling
location occurred at The Thumb – this holds true among all measured
dimensions. Both Isla de Mona sample sets exhibit less variance.

Following descriptive statistics, a parametric analysis technique, Analysis
of Variance (ANOVA), was used to compare the variance between the three
sample locations. The results of the ANOVA analysis on each measured
dimension, as well as the calculated ratios is presented in Table 3. Using the
results of ANOVA, an additional analysis was performed in an attempt to locate
the source of difference, i.e.: if the results of ANOVA determined that the null
hypothesis should be rejected, an additional test was used to determine where
the difference in means is concentrated. The test used for this analysis was the
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Fisher’s LSD, and the results are displayed in Table 4. In four of the five
dimensions which ANOVA determined a significant difference (perimeter,
distance, perimeter/distance, depth/distance) the Fisher’s LSD results place the
difference between the Mona notches and the San Salvador notch. That is to say
that there is no significant difference in the means of the notches at Punta Los
Ingleses and below Cueva Sopressa, but there is a significant difference in the
means of those notches and the notch at The Thumb.

A multivariate correlation analysis technique, the Pearson’s Product
Moment Correlation Coeffiecent (PPMCC), was also computed in an attempt to
determine if the measured variables exhibit relationships between one another.
The results of these computations is displayed in Table 5a. Shaded cells in Table
5a represent data which based on the PPMCC, exhibit a significant relationship.
To further determine the strength of this relationship, the r2 was computed and is
shown in Table 5b. Again, shaded cells represent data, which based on the
regression, are significant.

CAVE NOTCHES
Fourteen Cave passage cross sections were measured at Garden Cave
on San Salvador Island (Figure 21). Garden Cave (Figure 22) is a small typical
flank margin cave developed in the Pleistocene Owl’s Hole Formation. A baseline
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survey with detailed cross sectional measurements was performed in the main
chamber of Garden Cave (Figure 23). The distance component of the cross
sections was computed as a simple passage height, as the cross sections are
complete in comparison to bioerosion notches. A summary of the data collected
in Garden Cave is presented in Table 1.

Statistical analysis of the morphological factors measured began with
simple descriptive statistics of the passage cross sections. A summary is
presented in Table 2. Following descriptive statistics, the means of cave cross
section dimensions were compared with those of each bioerosion notch sample
locality, as well as a combination of all notch localities using the Student’s t-test.
None of the measured or calculated dimensions displayed any significant
difference between sample sets. The results of these tests is presented in Table
6.

A multivariate correlation analysis technique, the Pearson’s Product
Moment Correlation Coeffiecent (PPMCC), was also computed in an attempt to
determine if the measured variables exhibit relationships between one another.
The results of these computations is displayed in Table 7a. Shaded cells in Table
7a represent data which based on the PPMCC, exhibit a significant relationship.
To further determine the strength of this relationship, the r2 was computed and is
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Figure 21: Map of San Salvador Island showing location of Garden Cave. GIS
data derived from The San Salvador Island GIS database- compiled
by Matthew C. Robinson and R. Laurence Davis - the University of
New Haven and Bahamian Field Station, 1999.
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Figure 22: Map of Garden Cave, San Salvador Island, Bahamas. Garden Cave
was selected as a representative flank margin cave, containing intact
as well as collapsed segments.
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Figure 23: Photo of the interior of Garden Cave
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shown in Table 7b. Again, shaded cells represent data, which based on the
regression, are significant. As in the bioerosion notch data, depth and curve are
shown to have a strong relationship.

INDETERMINATE NOTCHES
Notches of indeterminate origin were examined on Guam and San
Salvador Island. The notches on San Salvador Island are located along the cliff
line of the Grotto Beach Ridge, near the southwestern tip of San Salvador.
These notches are developed in the Cockburn Town Member of the Grotto
Beach Formation. The Cockburn Town Member is comprised of subtidal and
intertidal facies, overlain by regressive eolianites (Mylroie and Carew, 1995).

The notches were surveyed south of Dripping Rock Cave, north to Altar
Cave (Figure 24, 25) using standard cave survey techniques . Cross sectional
profiles are shown to illustrate notch morphology. As Figure 26 shows, there is a
good deal of undulation in the floor of the notches, which is not present in coastal
bioerosion notches. In addition there is significant spelothem development along
the entire cliffline (Figure 27). The survey data show great elevational variability
over distance, in direct contrast to the modern bioerosion notches found along
current coastlines. Notch floors along the cliffline between Dripping Rock and
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Figure 24: Map of San Salvador Island, showing location of indeterminate
notches along the Grotto Beach Ridge considered in this study.
Southern marker is Dripping Rock Cave, northern marker is Altar
Cave. GIS data derived from The San Salvador Island GIS databasecompiled by Matthew C. Robinson and R. Laurence Davis - the
University of New Haven and Bahamian Field Station, 1999.
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Figure 25: Map of the Grotto Beach Ridge cliffline, and associated notches. Red
stars indicate locations of cross sections plotted in Figure 26
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Figure 26: Cross section correlation for Grotto Beach Ridge. Grey dashed lines
represent zero meter datum (floor of Dripping Rock Cave,
approximately 2.26m asl) and plus two meters. See Figure 25 for
location of cross sections (red stars). Red dots are locations of survey
points coinciding with red stars on Figure 25.
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Figure 26: Significant speleothem development along cliffline notches between
Dripping Rock Cave and Altar Cave.
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Altar Caves have a 5.4 m elevational range (approximately 0.46 m to +6.06 m
above sea level).

Indeterminate notches on Guam were examined at Amantes Point
(Puntan dos Amantes). These notches are developed in the detrital facies of the
Plio-Pleistocene Mariana Limestone. The detrital facies of the Mariana is
described by Tracey, et. al (1964) as “ friable to well-cemented, coarse to finegrained generally porous and cavernous white detrital limestone, mostly of
lagoonal origin.” All of the Guam investigations were of a qualitative nature.
Notches are developed at numerous horizons at Amantes Point (Figure 28).
Nearly all of these contain massive speleothems, and exhibit some degree of
undulation, consistent with the “beads-on-a-string” morphology described by
Vogel, et. al (1990).

SPELEOTHEM SAMPLES
Speleothems were sampled from caves and notches, as well as quarry
locations on Guam and Isla de Mona. Due to complexity, budget, and time
constraints, analysis of these samples is not included in this study.
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Figure 28: View of Amantes Point, Guam. Note numerous notch horizons, and
speleothem development

CHAPTER IV

DISCUSSION

Notches on carbonate islands have generally been described as
bioerosion, or wave-cut notches, regardless of location. Bioerosion undermines
cliffs and is a main contributor to seacliff retreat. It is well documented (Mylroie
and Carew, 1990, Mylroie et. al, 2001, Mylroie and Jenson 2001) that flank
margin caves form adjacent to carbonate coasts. Over time, continued bioerosion
and cliff retreat can uncover flank margin caves lying just inland of the coast.
Such erosion can easily explain remnant caves existing as notches on carbonate
coasts. This exposure, coupled with glacioeustatic sea-level change, can also
produce remnant caves along cliff lines in the interior of tectonically-stable
carbonate islands. Correct interpretation of the genetic forces at work in notch
formation is a difficult task, as the placement of these two genetic mechanisms in
close proximity can easily produce overprinting. In addition, time and erosive
processes also work against the investigator by obscuring details of notch origin.
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NOTCH MORPHOLOGY
Qualitative analysis of modern bioerosion notches and cave passage
cross section reveals a similar morphology, with obvious differences: the steep,
sloping roof of the bioerosion notches, versus the much more symmetrical
appearance of cave passage cross sections at specific localities. Statistical
analysis of measured and calculated dimensions of bioerosion notches and cave
cross sections however, suggests there is no difference. There is some question
as to the utility of the calculated ratios presented with the data
(Perimeter/Distance, Perimeter/Depth, Depth/Distance, and Perimeter/Curve,
however they are included in the study and don’t appear to significantly effect the
dataset.

Apart from the distinct differences noted above, morphologies are
strikingly similar throughout a range of different lithologies – notches in
quartzites, granites, sandstones, basalt, and carbonates. In addition to lithologic
differences, different genetic mechanisms also produce similar notches, as
discussed in chapter 1. The key link between the various categories is that all
notches form in an “edge” environment – or form as an “edge effect,” an interface
feature. Bioerosion notches form at the interface between sea and rocky coast;
cave notches form at the discharging margin of the freshwater lens; cliff-foot

55
caves form at the edge of karst towers and surrounding moist plains; insleberg
notches form at the interface between the insleberg and onlapped sediment.

BIOEROSION NOTCHES
Analysis of notch dimensions over the three bioerosion notch localities
revealed statistical differences (using ANOVA) in five of eight dimensions
(Perimeter, Distance, Perimeter/Depth, Depth/Distance, and Perimeter/Curve).
Interestingly enough, pairwise analysis (using Fisher’s LSD) shows the
differences to be located on geographic boundaries in four of the five cases (all
but Perimeter/Curve) – that is the two sample locations on Isla de Mona are
statistically different than The Thumb (Table 4). This is somewhat intuitive, as the
lithologies are distinctly different between the two locations, and wave energies
may be different (Mona Passage is known for its heavy seas).

Additional analysis was performed in an attempt to determine if the
measured dimensions of the notches exhibit any insight into requirements for
notch formation. Two dimension pairs are shown to be statistically significant
based on the multivariate analysis used (Pearson’s Product Moment Correlation
Coeffiecient). The PPMCC suggests that 19 of 28 pairings have a strong
relationship. When regression analysis is performed, only two of the 19 pairings
exhibit a significant relationship: Depth-Curve, and Depth/Distance-
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Perimeter/Distance. The Depth-Curve relationship is an intuitive one, which is
backed up by the results of the regression analysis: the curve distance must
increase as the notch becomes deeper. The Depth/Distance-Perimeter/Distance
relationship is not as cut and dried – as Depth and Perimeter increase, it is
possible to keep Distance unchanged, which could account for the relationship
being significant. However, it is not necessary for the Distance factor to remain
static while changing the others. It appears that this relationship may be
coincidental.

CAVE-NOTCH RELATIONSHIPS
While the data suggest statistically significant differences exist between
bioerosion notch localities, when examining the notch and cave data as a whole,
these differences do not appear. When examining the means of the entire
dataset with the Student’s t-test, the Garden Cave cross sections and bioerosion
notches show no significant difference (Table 6). It is, on the other hand possible
that the results are an artifact of the small sample size of the cave data.

CAVE PASSAGE CROSS SECTIONS
Garden Cave was selected as a representative sample of a flank margin
cave due to the availability of intact passage sections, as well as degraded
passage sections. With all observations from one locality, it is impossible to
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analyze differences between caves, and therefore impossible to determine
whether there is a statistical difference between cave passage morphologies.
However, as the comparison between the cave data and bioerosion data shows
no statistical difference, this may be a moot point.

As with the bioerosion notches, two dimension pairs are shown to be
statistically significant based on the multivariate analysis used (Pearson’s
Product Moment Correlation Coefficient). For the cave data, the PPMCC
suggests that 10 of 28 pairings have a strong relationship. When regression
analysis is performed, again only two of the 19 pairings exhibit a significant
relationship. The Depth-Curve relationship exists as it does with the bioerosion
notches, however the second significant relationship is the Perimeter/DistancePerimeter.

INDETERMINATE NOTCHES
The lack of statistical difference between the cave cross sections and
bioerosion notches makes analysis of the indeterminate notches impossible
based upon the criteria used in this study. All of the indeterminate notches
included in this study have considerable speleothem development. Previous work
has classified notches with spelothem development breached caves (Mylroie and
Carew, 1991), however more recent studies (Taborosi et al., 2003) suggest that
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speleothems must be sampled to determine if they are true cave speleothems, or
of a tuffaceous variety formed in open environments. It may be likely that many of
the indeterminate notches on carbonate islands are polygenetic – an overprinting
of bioerosion processes on breached caves at the shoreline, and formation of
tuffaceous cave-like deposits on abandoned bioerosion notches in the interior of
coastal carbonate regions.

The data show that a statistical comparison of notch shape and
morphology is inconclusive in regards to separating notches into one of the three
classifications. Therefore, it is possible to have a similar morphology and shape,
with vastly different genetic mechanism. The key determinant to separate cave
notches from bioersion notches seems to be the lateral variability of elevation –
as bioerosion notches are developed in a coastal setting, controlled by sea level,
the amount of elevation variability is dependent upon tidal fluctuations. Likewise,
the many forms of interior notching (inslebergs, cliff-foot caves, etc.) are driven
by a relatively static, local base level. Flank margin cave development is more
variable, as fluctuations in the fresh water lens can be greatly effected by large
storms (hurricanes, typhoons), as well as drought. In addition, lithologic variability
that would not affect rock resistance to mechanical erosion may significantly
control fresh water flow in the lens from a consistent horizontal position. These
fluctuations distort the lens, and as the most aggressive dissolution takes place
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along the margin of the lens, this changes the location of cave passage
development, producing the undulation observed on the inland notches from
San Salvador. The high degree of elevational variability along the Altar Cave
cliffline gives great insight into the nature of the paleo-freshwater lens. Recent
work in Altar Cave (Florea, et al., in press) shows Altar Cave was opened during
the Holocene transgression, making the notches along that cliffline recently
exposed, and that exposure occurred by marine erosion, demonstrating the
likelyhood of overprinting in carbonate island notch development.

CHAPTER V

SUMMARY AND CONCLUSIONS

This study represents the first attempt to examine the phenomenon of the
“notch” and relate similar shaped features to a genetic mechanism on carbonate
islands. Morphologic characteristics of notches were measured on two islands,
and qualitative observations were made from a third. The notches used in this
study can be grouped into three categories by genetic mechanism: bioerosion,
flank margin cave, and indeterminate. When all data collected were analyzed, it
was determined that measured dimensions of all sampled notches are not
statistically different, hence no conclusive link can be made between morphology
and mechanism based on cross-section morphology. It is the variability of the
notch over distance that seems to be the most important factor in determining
genesis.

Four interesting conclusions can be drawn from the research presented
here: 1) notches are produced by lateral corrosion/lateral erosion – this process
produces notches of a similar small-scale morphology regardless of physical
60
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location, mechanism, or lithology. All of the notch types are related to some local
base level, and are produced as an interface feature; 2) the genetic mechanism
for notches can not be determined by measuring cross-sectional morphology
alone, the lateral variation of notches is indeed important in order to link a
mechanism to notch genesis; 3) notches formed by breaching of flank margin
caves display great variability in position, which implies a similar variability in lens
discharge, and geochemistry; and 4) it may be possible to calculate
denudation/hillslope retreat rates if the genetic mechanism of the notch can be
determined to be flank margin cave development.

In addition, the data represent an important insight to paleohydrologic and
paleoclimatic information. Notches on carbonate islands represent sea level
elevations, regardless of genetic history. That is to say, the notch elevation,
whether bioerosion or breached flank margin cave, is directly related to a base
level controlled by sea level. This has important implications for paleohydrologic
conditions – If the speleothem-rich notches are indeed breached flank margin
caves, they represent areas of enhanced dissolution in the bedrock. This has
great importance for water resources exploration, and offers additional insight in
the understanding of the complex karst aquifers present on these carbonate
islands
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Table 1: Measured and calculated notch dimensions. (all units are meters)
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Table 1 (continued)
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Table 2: Summary of notch dimensions and characteristics for all sample
locations (all units meters)
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Table 3: Statistical comparison of mean bioerosion notch dimensions among all
sampling localities
ANOVA Results: The Thumb, Cueva Sopressa, Punta Los Ingleses
d.f 1=2; d.f. 2=38
F Value: 3.32
Dimension Perim Depth Dist.
Curve P/Dep. P/Dis. Dep/Dis P/C
F Score
11.57 2.74
26.95 1.12
8.53
1.17
11.21
14.81
Result
Diff.
Same Diff.
Same Diff
Same Diff
Diff.
2
R
0.39
0.13
0.56
0.56
0.31
0.06
0.37
0.43
Alpha = 0.05
Same= No Significant Difference
Diff.= Significant Difference
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Table 4: Pairwise comparison results for Bioerosion notches
s= Sopressa; t= The Thumb; l= Punta Los Ingleses
4a) Analysis of differences between groups using Fisher's LSD test:
Perimiter
Groups

Difference

Standardized
Difference

Critical value

Pr > value

s~t

-0.9762

-4.6046

2.0244

0.0001 Yes

s~l

-0.1302

-0.9154

2.0244

0.3658 No

l~t

-0.8460

-4.3935

2.0244

0.0001 Yes

Significant

4b) Analysis of differences between groups using Fisher's LSD test:
Distance
Groups

Difference

Standardized
Difference

Critical value

Pr > value

s~t

-1.0553

-7.0911

2.0244

0.0001 Yes

s~l

-0.1741

-1.7437

2.0244

0.0893 No

l~t

-0.8812

-6.5193

2.0244

0.0001 Yes

Significant

4c) Analysis of differences between groups using Fisher's LSD test:
Perimeter/Depth
Groups

Difference

Standardized
Difference

Critical value

Pr > value

s~t

-5.4671

-4.1101

2.0244

0.0002 Yes

s~l

-1.3916

-1.5596

2.0244

0.1271 No

l~t

-4.0754

-3.3732

2.0244

0.0017 Yes

Significant

4d) Analysis of differences between groups using Fisher's LSD test:
Depth/Distance
Groups

Difference

Standardized
Difference

Critical value

Pr > value

s~t

-4.8181

-4.6465

2.0244

0.0001 Yes

s~l

-0.9437

-1.3567

2.0244

0.1829 No

l~t

-3.8744

-4.1137

2.0244

0.0002 Yes

Significant

4e) Analysis of differences between groups using Fisher's LSD test:
Perimeter/Curve
Groups

Difference

Standardized
Difference

Critical value

Pr > value

s~t

-0.9870

-5.4383

2.0244

0.0001 Yes

s~l

-0.2854

-2.3439

2.0244

0.0244 Yes

l~t

-0.7016

-4.2563

2.0244

0.0001 Yes

Significant
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Table 5: Multivariate correlation analysis results – Bioerosion notches
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Table 6: Statistical comparison of Garden Cave cross sections and Bioerosion
Notches
6a) Garden Cave, The Thumb
Dimension Perimeter Depth
t score
0.966
0.002
Result
Same
Same

d.f.=4, t value =2.776
Distance Curve P/De P/Di
Di/De P/C
0.009
0.060 0.003 0.0001 0.009 0.022
Same
Same Same Same Same Same

6b) Garden Cave, Sopressa d.f.=10, t value =2.228
Dimension Perimeter Depth Distance Curve P/De P/Di
Di/De P/C
t score
0.020
0.044 6.32 e-7 0.102 0.004 0.0007 0.056 0.257
Result
Same
Same Same
Same Same Same Same Same

6c) Garden Cave, P. Los Ingleses d.f.=13, t value =2.160
Dimension Perimeter Depth Distance Curve P/De
P/Di
Di/De
t score
0.039
0.011 1.34 e0.033 0.0002 0.0005 8.76
13
e-7
Result

Same

Same Same

6d) Garden Cave, All Bioerosion Notches
Dimension Perimeter Depth Distance
t score
0.059
0.012 1.76 e11
Result
Same
Same Same

Same Same

Same

P/C
0.180

Same Same

d.f.=13, t value =2.160
Curve P/De
P/Di
Di/De P/C
0.039 0.0001 0.0005 3.27
0.150
e-7
Same Same Same Same Same
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Table 7: Multivariate correlation analysis results – Garden Cave

